INTRODUCTION
============

The roundworm *Caenorhabditis elegans* is an outstanding model organism for studying molecular genetics, developmental biology, neuroscience, and cell biology. Many *in vivo* experiments using *C. elegans* can be done in a relatively short time. *C. elegans* has up to 300 progeny and 3-day generation ([@b10-molce-40-2-90]). Its maintenance cost is low, as *C. elegans* is very small (approximately 1 mm long), feeds on inexpensive bacteria, such as *Escherichia coli*, and can be stored long-term at −80°C or in liquid nitrogen. *C. elegans* is also amenable to sophisticated, yet convenient, genetic techniques, such as feeding RNAi, transgenesis via microinjection, mutagenesis screening, and CRISPR/Cas9 genome editing. Its transparent body allows researchers to easily detect expression of various fluorescent proteins, including green fluorescence protein, in live animals.

*C. elegans* survival assays have been key tools for studying physiological processes, including aging, stress resistance, and immunity. One noticeable advantage of *C. elegans* for such assays is that synchronized isogenic populations are simple to prepare because the worm usually exists as a self-fertilizing hermaphrodite that produces hundreds of isogenic progeny. Males are rarely used for survival assays ([@b21-molce-40-2-90]) but are useful for genetic crosses. Most *C. elegans* survival assays take a relatively short time; for example, *C. elegans* stress resistance and lifespan assays usually take several days and weeks, respectively. Importantly, many genetic discoveries made by employing *C. elegans* survival assays are evolutionarily conserved, such as the role of insulin/IGF-1 signaling (IIS) in aging regulation in *Drosophila* and mammals ([@b35-molce-40-2-90]; [@b46-molce-40-2-90]).

For most *C. elegans* survival assays, both solid and liquid media systems with bacterial foods are employed. Standard temperatures for survival assays range from 15°C to 25°C, though 20°C is the most widely used temperature. Exact environmental conditions for survival assays should be determined depending on the specific features of the survival assays ([@b4-molce-40-2-90]; [@b34-molce-40-2-90]). Here, we briefly discuss the methods, requirements, advantages, and disadvantages of different survival assays using *C. elegans*, such as lifespan assays crucial for aging research, various abiotic stress resistance assays, and pathogen resistance assays important for studying immunity.

LIFESPAN ASSAYS
===============

*C. elegans* is a popular model for studying aging because of short lifespan and genetic tractability. Lifespan measurement is a direct method that determines the consequence of aging and death. Researchers count live and dead worms in synchronized populations at regular intervals (e.g., 1 or 2 days) and discard dead worms to prevent confusion while performing subsequent counting. Lifespan curves are then generated to illustrate the percentages of live worms in populations over time, and the data are statistically analyzed. Here, we discuss representative *C. elegans* lifespan assays using solid and liquid culture systems ([Fig. 1](#f1-molce-40-2-90){ref-type="fig"}).

Solid Culture Systems
---------------------

Agar-based solid culture systems are the most common *C. elegans* lifespan assay approach. Nematode growth media (NGM) agar plates seeded with bacterial food, usually *E. coli*, comprise standard solid culture systems ([@b71-molce-40-2-90]). These systems make observing the live or dead status of worms relatively straightforward but have several limitations. Worms frequently crawl off plates or burrow into the agar, which results in unintentional loss of worms for subsequent analysis. In addition, NGM plates can become desiccated during the lifespan assays, though this problem can be prevented by regularly moving worms to fresh plates.

Detailed methods for lifespan assays using solid medium systems are described in another review article ([@b4-molce-40-2-90]), but here, we will discuss the methods very briefly. First, synchronization of the specific developmental stages of worms is required. Gravid adult worms are allowed to lay eggs overnight on bacteria-seeded NGM plates and are subsequently removed from the plates. Animals hatched from the eggs that become young adults are then transferred to fresh bacteria-seeded NGM plates for lifespan assays. The synchronized adult worms will lay eggs and need to be distinguished from their progeny. This synchronization method is the standard protocol for most solid culture-based survival assays described in this review.

After preparation of sufficient young-adult-stage animals, the number of dead and live worms should be regularly counted, and dead worms should be removed. A general method for determining death is counting worms that do not respond to a gentle touch with a sterilized platinum wire. Alternatively, the live status of worms can be determined by observing avoidance from a heated platinum wire located close to their heads ([@b4-molce-40-2-90]). Another method is executed by flooding many replica plates with water at each time point and counting animals responsive to a gentle touch to the surface of water with a platinum wire ([@b65-molce-40-2-90]). In all these methods, worms are censored if they are missing, have crawled off, have burrowed, or display internal hatching or vulval rupture. However, these censored worms are still included in subsequent statistical analysis.

Liquid Culture Systems
----------------------

Media for liquid culture-based *C. elegans* lifespan assays usually consist of S-basal buffer and concentrated *E. coli* ([@b71-molce-40-2-90]). Due to the homogeneous nature of liquid media, these assays are suitable for screening the effects of diet components and chemical treatments on the worms. These assays are also amenable for testing the effects of dietary restriction on lifespan by diluting dietary bacteria in liquid. However, several disadvantages exist for liquid culture-based lifespan assays. Handling worms with a platinum wire is difficult in liquid conditions, and culturing worms in liquid media needs additional devices such as a platform shaker for aeration.

For synchronization of worms, L1 larvae that have just hatched are transferred to liquid culture medium. Before synchronization, eggs are collected from gravid adults by using a method called bleaching, which can also be used for large-scale, solid culture lifespan assays ([@b4-molce-40-2-90]). During bleaching, gravid adults are treated with sodium hypochlorite and washed with M9 buffer, a widely used phosphate-based buffer for *C. elegans* research. Because eggs are more resistant to bleaching than worms, the eggs survive and are then allowed to hatch in aerated liquid medium overnight on a rotating platform shaker. The hatched, developmentally arrested L1 larvae are then collected by centrifugation, resuspended with M9 buffer, and transferred into new liquid medium-containing plates for synchronization prior to lifespan measurement.

Methods for identifying dead worms differ between liquid and solid culture systems. In liquid-based assays, worms that do not display spontaneous movements or respond to shaking are counted as dead. Fluorescent dyes, such as SYTOX, that stain dead worms by penetrating their cell membranes and emit fluorescent signals can be used to facilitate counting ([@b22-molce-40-2-90]). An automated detector, such as a plate-reading fluorometer or COPAS BIOSORT, is used to quantify fluorescence levels over time ([@b22-molce-40-2-90]; [@b59-molce-40-2-90]).

Common Features Between Solid and Liquid Lifespan Assay Systems
---------------------------------------------------------------

For both solid- and liquid-based lifespan assays, separating adult hermaphroditic worms from their progeny is a significant challenge, as progeny that have reached adulthood are difficult to distinguish from their mothers. The most straightforward way to resolve this issue is transferring synchronized adult worms for lifespan assays onto new plates every 1 or 2 days until the worms do not produce progeny. However, constant transfer of worms can cause them physical damage and is relatively labor intensive. Therefore, this method is more suitable for small-scale lifespan experiments.

For large-scale lifespan assays, several alternative and complementary methods have been used. First, treatment with 5-fluoro-2′-deoxyuridine (FUdR), which inhibits DNA synthesis, is a popular method that prevents progeny from hatching. However, caution is needed because FUdR treatment itself affects the lifespan of several mutant worms ([@b1-molce-40-2-90]; [@b64-molce-40-2-90]; [@b78-molce-40-2-90]). Second, temperature-sensitive sterile mutant strains, including *fer-15(b26); fem-1(hc17)*, *glp-4(bn2)*, and *gon-2(q388)*, are used for lifespan assays ([@b6-molce-40-2-90]; [@b20-molce-40-2-90]; [@b74-molce-40-2-90]). In general, these mutant worms are first grown at permissive temperatures (15°C or 20°C) for propagation, and their progeny that will be used for lifespan assays are cultured at restrictive temperatures (25°C) to induce sterility. However, several limitations should be noted. First, temperature-sensitive sterile mutations used for preventing reproduction may have interaction with target genetic manipulations to be examined during the lifespan experiments. In addition, generation of double or triple mutants is required for testing the effects of specific genes on lifespan in temperature-sensitive sterile mutant backgrounds. Further, temperature conditions for lifespan assays are limited, as the induction of sterility requires culturing worms at specific temperatures for a substantial time period.

Another common feature for lifespan assays is that bacteria act as food sources. Byproducts derived from bacteria may affect the lifespan of worms, and may confound results of the assays. To exclude these possibilities, worms can be fed with killed bacteria, or axenic media devoid of live food source can be used ([@b7-molce-40-2-90]; [@b44-molce-40-2-90]; [@b48-molce-40-2-90]). However, axenic media cause physiological changes in worms, including delayed development, reduced brood size, and extended lifespan ([@b75-molce-40-2-90]).

Automated Lifespan Sssays
-------------------------

The conventional lifespan assays described above are manual counting assays that have several limitations; for example, manual assays are labor intensive and prone to researcher-oriented bias, and worms are vulnerable to mechanical and heat stresses induced by platinum wire usage. To overcome these limitations, various automated assay tools have been developed. For solid culture systems, "WormScan" can automatically determine the death of worms using movement parameters ([@b50-molce-40-2-90]). Subsequently, the "Lifespan Machine," a fully automated device for measuring worm lifespan, processes time-lapse photographs and analyzes worm survival data, has been developed ([@b72-molce-40-2-90]). For liquid culture-based systems, a microfluidic device called "WormFarm" removes progeny based on differences in worm size and automatically detects death via video recording ([@b84-molce-40-2-90]). Overall, these automated lifespan assays are appropriate for large-scale and/or unbiased assays and are complementary to the conventional manual lifespan approaches discussed above.

ABIOTIC STRESS RESISTANCE ASSAYS
================================

Research of stress resistance provides valuable information regarding the interaction between internal or external stresses and biological processes, such as cellular homeostasis. Here, we describe *C. elegans* survival assays that measure the worms' resistance against various abiotic factors, including oxidative stress, hypoxia, hyperoxia, heat, cold, osmotic stress, ultraviolet (UV) radiation, endoplasmic reticulum (ER) unfolded protein stress, and heavy metal stress ([Fig. 2](#f2-molce-40-2-90){ref-type="fig"}).

Oxidative Stress
----------------

Survival assays under oxidative stress conditions provide information regarding biological systems crucial for responding to oxidative stresses. *C. elegans* oxidative stress resistance assays are performed by treating worms with various reactive oxygen species (ROS)-generating chemicals. Overall procedures of oxidative stress assays are very similar to those of lifespan assays, except for treatment with ROS-generating chemicals and time frame of the assays. Due to chemical toxicity, oxidative stress resistance assays are completed in relatively shorter times than lifespan assays. Thus, dead worms should be counted in short intervals (e.g., every 1 or 2 h) to obtain proper survival curves for statistical analysis.

Understanding the nature of specific ROS-generating chemicals is important for properly designing oxidative stress assays ([@b34-molce-40-2-90]; [@b69-molce-40-2-90]). Paraquat, an organic compound used as an herbicide, produces superoxide anions and is widely used as an oxidative stress inducer. Hydrogen peroxide (H~2~O~2~) is a commonly used bleaching and decontaminating reagent. Tert-butyl hydroperoxide (t-BOOH) is a highly reactive and toxic organic peroxide that acts as a radical polymerization initiator. Arsenite blocks pyruvate dehydrogenase and destroys energy production systems via increasing intracellular ROS levels. Juglone is a highly poisonous organic compound that forms a semiquinone radical and induces cell death by generating a large amount of superoxide anion radicals.

Surprisingly, recent studies have shown that low concentrations of oxidative stress-generating reagents increase lifespan in many organisms, including *C. elegans* ([@b28-molce-40-2-90]; [@b29-molce-40-2-90]; [@b82-molce-40-2-90]). For example, we showed that low doses of paraquat (0.015 mM to 1 mM) extend the lifespan of *C. elegans*, whereas high concentrations (4 mM to 64 mM) decrease lifespan ([@b30-molce-40-2-90]; [@b45-molce-40-2-90]). These results indicate an inverted U-shaped dose-response curve for paraquat and worm lifespan ([@b30-molce-40-2-90]; [@b45-molce-40-2-90]; [@b79-molce-40-2-90]; [@b85-molce-40-2-90]). Thus, choosing appropriate concentrations is essential for testing the effects of ROS-inducing reagents on lifespan and oxidative stress resistance.

Hypoxic and Hyperoxic Stresses
------------------------------

As oxygen is essential for aerobic organisms, animals are equipped with systems to adapt to different oxygen levels. Hypoxia and hyperoxia refer to conditions in which biosystems are exposed to abnormally low and high levels of oxygen, respectively ([@b62-molce-40-2-90]). *C. elegans* exerts responses to both conditions and has been studied in hypoxic and hyperoxic stress survival assays. This has led to the characterization of key genetic factors, including hypoxia-inducible factor 1 (HIF-1), the master regulator of cellular hypoxic responses ([@b58-molce-40-2-90]).

Hypoxia can be induced in two distinct ways, physical and chemical induction methods ([@b32-molce-40-2-90]; [@b67-molce-40-2-90]). For physical induction, worms are placed in a sealed hypoxic chamber (\< 0.2% O~2~) filled with a constant flow of an anoxic gas mixture containing CO~2~, H~2~, and N~2~. For chemical induction, worms are treated with fresh 0.5 M sodium azide, which causes cellular hypoxic responses via inhibiting mitochondrial respiration complex IV. Worms exposed to hypoxia for a specific time are then transferred to NGM agar plates for recovery in room air, and numbers of dead worms are scored at regular intervals (e.g., several hours). Hyperoxia can be achieved by using a sealed chamber filled with 60% O~2~ ([@b12-molce-40-2-90]). Dead worms are then counted at regular intervals (e.g., every 1 to 3 days).

Heat Stress
-----------

High environmental temperatures cause structural and functional impairments in macromolecules, wreaking havoc on animal physiology. In *C. elegans*, high temperatures cause cellular defects, such as neuronal degeneration and heat-induced necrotic cell death ([@b40-molce-40-2-90]; [@b42-molce-40-2-90]). *C. elegans* is equipped with systems that protect cells from the deleterious effects of high temperatures. Heat shock transcription factor-1 (HSF-1) and the forkhead box O (FOXO) transcription factor DAF-16, which upregulate chaperone expression, reduce the accumulation of abnormal proteins and contribute to cellular protein homeostasis in *C. elegans* ([@b42-molce-40-2-90]). Overall, heat stress resistance assays provide foundations for identifying factors that regulate protein homeostasis.

A typical temperature for acute heat stress resistance (thermotolerance) assays is 35°C ([@b47-molce-40-2-90]). At this high temperature, *C. elegans* moves very slowly and starts dying within hours, and thermotolerance assays using wild-type animals are completed within 24 h. Thermotolerance assays require very precise temperature control systems, as uneven temperature distribution in an incubator or a small temperature change between experiments may cause large variations in survival rates.

Cold Tolerance
--------------

*C. elegans* also displays changes in physiology at low temperatures. For example, *C. elegans* preserves cell membrane fluidity by increasing the total proportion of unsaturated fatty acids at low temperatures ([@b52-molce-40-2-90]; [@b66-molce-40-2-90]). Cold tolerance assays using *C. elegans* can potentially help identify important mechanisms that regulate cold adaptation, including lipid homeostasis.

*C. elegans* cold tolerance assays involve synchronized L4 larval stage or young adult worms at specific temperatures ranging from 0°C to 4°C ([@b52-molce-40-2-90]; [@b66-molce-40-2-90]; [@b70-molce-40-2-90]); temperatures below 0°C should be avoided because worms are frozen to death immediately. For survival monitoring, worms exposed to a specific cold temperature for a certain time are transferred to normal culturing temperatures (20°C or 25°C) for 20 min to 1 h for recovery. Dead worms are then counted similarly as described for other survival assays. Monitoring time interval should be determined depending on temperatures, which can be hours (0°C to 2°C) to days (4°C).

Osmotic Stress
--------------

In natural environments, animals are exposed to various kinds of osmotic stresses. Hyperosmotic shock induces water efflux and protein aggregation, leading to body deterioration and protein homeostasis (proteostasis) ([@b8-molce-40-2-90]; [@b62-molce-40-2-90]). Organisms are equipped with several protection mechanisms that help maintain cellular osmotic homeostasis. These include increased levels of osmoregulatory solutes that function as chemical chaperones, including glycerol, sorbitol, inositol, and trehalose, and the induction of osmoprotective genes.

Osmotic stress resistance assays using *C. elegans* are usually performed on NGM containing various concentrations of NaCl (e.g., 50 mM to 500 mM) using L4 larval or young adult worms at 20°C ([@b43-molce-40-2-90]; [@b63-molce-40-2-90]). The assays are executed to detect both acute (3 to 15 min) and chronic responses (hours to days) to hyperosmotic stresses. Time intervals for worm counting should be determined depending on the concentrations of NaCl and characteristics of worm strains used.

UV Stress
---------

Ultraviolet radiation (100 to 400 nm) is a major DNA-damaging environmental stress for most terrestrial organisms. UV stress induces DNA lesions and produces free radicals that damage other cellular macromolecules. Most organisms have defense mechanisms against UV radiation, such as nucleotide excision repair pathways, that repair damaged DNA ([@b55-molce-40-2-90]).

Because UV radiation can cause harmful effects in humans, researchers should be cautious during UV light stress assays. Liquid media culture systems are not suitable, as liquid absorbs UV and decreases its effective dosage. Ultraviolet light has dose-dependent effects on the health and survival of *C. elegans*, and in most cases, 10 to 30 J/m^2^/min of radiation are used ([@b51-molce-40-2-90]; [@b83-molce-40-2-90]); however, the specific doses of UV radiation selected depends on biological questions and the UV resistance properties of the worm strains used in the assay. Survival against UV radiation can be performed using different stages of worms to determine its stage-specific effects.

ER Unfolded Protein Stress
--------------------------

Protein homeostasis (proteostasis) is essential for cellular function and survival. Unfolded protein responses (UPRs) are elicited by many environmental stresses or genetic perturbations in the cytosol, ER, and mitochondria, and are key defense mechanisms for maintaining proteostasis. Each UPR transmits signals from a specific cellular compartment to the nucleus. Evolutionarily conserved signaling factors, including IIS components, target of rapamycin, and AMP kinase, regulate proteostatic stress responses ([@b80-molce-40-2-90]). Among these UPRs, we will focus on ER stress assays that determine survival of animals upon treatment with chemical ER stressors that induce UPR^ER^.

Accumulation of unfolded proteins in the ER acts as stress signals that are transmitted to the nucleus ([@b81-molce-40-2-90]). Representative ER stress-inducing agents include tunicamycin and dithiothreitol (DTT). Tunicamycin is a widely used inhibitor of UDP-N-acetylglucosamine-dolichol phosphate N-acetylglucosamine-1-phosphate transferase (GPT) ([@b41-molce-40-2-90]). Therefore, tunicamycin results in accumulation of unfolded glycoproteins, which leads to ER stress. Typical *C. elegans* ER stress assays are performed over several hours by incubating worms on *E. coli*-seeded NGM plates containing tunicamycin ([@b68-molce-40-2-90]). Tunicamycin is water insoluble and therefore should be dissolved by using dipolar solvents, such as dimethyl sulfoxide. Dithiothreitol is a reducing agent that blocks disulfide bond formation ([@b9-molce-40-2-90]) and induces an immediate ER stress. For DTT-based ER stress assays, worms are treated with DTT on plates seeded with *E. coli* ([@b68-molce-40-2-90]).

Heavy Metal Stress
------------------

Non-essential heavy metals whose specific gravity is over 5 g/cm^3^, including cadmium and arsenic, have harmful effects on organisms by altering the function and structure of their proteins or by generating ROS. Bioaccumulation of heavy metals causes severe diseases in humans, such as poisoning, renal dysfunction, and damage to the central nervous system ([@b31-molce-40-2-90]). Molecules that detoxify heavy metals include metallothionein proteins, which contain many cysteine residues and protect cells by chelating heavy metal ions ([@b19-molce-40-2-90]). As these factors are evolutionarily well conserved, heavy metal resistance assays using *C. elegans* can lead to important insights into the pathology of relevant human diseases.

For *C. elegans* heavy metal stress assays, metal salts are dissolved and mixed with culture media ([@b34-molce-40-2-90]). Typical concentrations and durations for specific heavy metal treatments are described as follows: CdCl~2~ (30 μM to 7 mM) for 8 to 24 h, NaAsO~2~ (100 μM to 1 mM) ([@b56-molce-40-2-90]) and CuCl~2~ (4 mg/ml) for 6 to 16 h, and ZnSO~4~ (0.4 mM to 49.5 mM) for 6 h up to several days. Because different mutants exhibit different lethal dosages, conditions should be optimized for specific experiments ([@b5-molce-40-2-90]; [@b24-molce-40-2-90]). In addition, extensive care is needed when performing these assays, as heavy metals adversely affect human health.

PATHOGEN RESISTANCE ASSAYS
==========================

Survival assays for pathogen resistance provide important information regarding host defense mechanisms and antagonistic relationships between pathogens and hosts. Understanding pathogenesis is also the basis for identifying prophylaxis and treatment strategies against infection. Various pathogens, including bacteria, have been used for pathogen resistance assays using *C. elegans* as a model host ([@b11-molce-40-2-90]; [@b13-molce-40-2-90]; [@b27-molce-40-2-90]) ([Fig. 3](#f3-molce-40-2-90){ref-type="fig"}). *C. elegans* pathogen resistance assays can be used for research into the evolution of pathogenic virulence as well ([@b17-molce-40-2-90]; [@b36-molce-40-2-90]). Recent identification of infectious parasitic microsporidia ([@b27-molce-40-2-90]; [@b76-molce-40-2-90]) and viruses ([@b15-molce-40-2-90]; [@b18-molce-40-2-90]) raises the possibility of using *C. elegans* as a model host for research of these pathogens as well.

Bacterial Pathogens
-------------------

Pathogenic bacteria are categorized into two groups, Gram-negative and -positive bacteria ([@b11-molce-40-2-90]). *Pseudomonas aeruginosa*, a ubiquitous Gram-negative bacterium that causes opportunistic infections, is the most popular model pathogen in *C. elegans* pathogen resistance assays. *Salmonella* species such as *S. enterica* and *S. typhimurium*, are other commonly used Gram-negative pathogenic bacteria. *E. coli* can be used for pathogen resistance assays by culturing the cells in nutrient-rich brain-heart infusion (BHI) medium. *Serratia marcescens*, *Yersinia pestis*, *Photorhabdus luminescens*, and *Burkholderia pseudomallei* are other examples of Gram-negative bacterial pathogens of interest. Gram-positive pathogenic bacteria, such as *Staphylococcus aureus*, *Enterococcus faecalis, Enterococcus faecium*, *Streptococcus pneumoniae*, and *Microbacterium nematophilum* are used for pathogen resistance assays. Because the general methods for most *C. elegans* survival assays using pathogenic bacteria are similar, we will focus on *P. aeruginosa* as the pathogen of interest.

*P. aeruginosa* kills worms through two distinct mechanisms ([@b39-molce-40-2-90]). First, bacterial colonization in the intestine kills *C. elegans* through quorum sensing and generating multiple virulence factors. Second, *P. aeruginosa* can rapidly kill *C. elegans* within 24 h through the secretion of lethal toxins. These two mechanisms have been used for establishing slow- and fast-killing assays. For slow-killing assays, PA14, the most commonly used *P. aeruginosa* strain, is grown on low-osmolarity agar medium, whereas PA14 is grown on high-osmolarity media for fast-killing assays. Another recently developed assay relies on a nutrient-poor liquid culture killing assay in which worms are killed within 48 h by PA14 in liquid medium ([@b38-molce-40-2-90]).

Among the assays described above, slow-killing assays are the most popular survival experiments using *P. aeruginosa*. Two subtypes of slow-killing assays, the "small-lawn" assay and the "big-lawn" assay, have been used. Plates for small-lawn assays, which are more popular than big-lawn assays, are prepared by dropping small volumes of bacteria on plates (e.g., 4 to 10 μl of bacterial culture per 35-mm plate). Plates for big-lawn assays are prepared by spreading large volumes of PA14 (e.g., 12 to 20 μl of bacterial culture per 35-mm plate) throughout the entire agar plate. Unlike small-lawn assays, no PA14-free space is present on big-lawn assay plates where worms can avoid PA14. Performing both small- and big-lawn PA14 resistance assays can help identify different mechanisms of pathogen resistance (i.e., pathogen avoidance behavior *vs.* innate cellular immunity) ([@b61-molce-40-2-90]).

Several specific considerations for slow-killing PA14 survival assays should be noted. First, concentrations of PA14 affect virulence of the bacteria due to quorum sensing ([@b57-molce-40-2-90]). Therefore, proper cultivation temperatures and media composition, as well as the preparation of fresh bacterial lawns, are crucial for performing reliable assays. Second, using worms in proper developmental stages is critical; young adults and L4 larvae are routinely used for the assays ([@b11-molce-40-2-90]; [@b34-molce-40-2-90]). Third, due to prevalent internal hatching of the worms, FUdR treatment is highly recommended. Fourth, dead worms should be counted every 6 to 12 hours because they quickly lyse and become transparent due to exoenzymes produced by PA14.

Fungi
-----

Opportunistic fungal pathogens, which are capable of infecting and killing *C. elegans*, are established for killing assays ([@b54-molce-40-2-90]). These include *Cryptococcus neoformans*, *Candida albicans*, and *Drechmeria coniospora*. Studies regarding fungal pathogenesis by using *C. elegans* as the host suggest extensive similarities between fungal virulence factor action in *C. elegans* and mammals. Here, we describe worm survival assays using *C. neoformans* more in detail.

*C. neoformans* is a human opportunistic and facultative intracellular fungal pathogen ([@b2-molce-40-2-90]). Various virulence factors, such as laccase and a polysaccharide capsule, and signal transduction cascades that affect virulence have been identified. The fungi kill *C. elegans* by accumulating within its gastrointestinal tract. For pathogen resistance assays, *C. neoformans* strains are cultured in Yeast Extract-Peptone-Dextrose broth at 28°C for approximately 48 h ([@b53-molce-40-2-90]). The fungal culture is then spread on plates containing BHI agar or NGM and incubated overnight. The worms are then transferred onto the fungus-containing plates, and the assays are performed at 25°C.

Intracellular Parasites
-----------------------

The microsporidian *Nematocida parisii* is an intracellular pathogen that kills *C. elegans* ([@b27-molce-40-2-90]; [@b76-molce-40-2-90]). *N. parisii* exists outside of the *C. elegans* intestine as spores that contain nuclei and a specialized structure called a polar tube used for the injection of nuclei into host cells. The *N. parisii* cells then grow and disrupt cytoskeletal structures in the intestinal cells and subsequently produce spores that horizontally infect neighboring cells. Interestingly, the responses of *C. elegans* against *N. parisii* infection are distinct from those against fungal and bacterial pathogens ([@b13-molce-40-2-90]; [@b76-molce-40-2-90]). These findings have led to interesting perspectives regarding comparative pathogenicity and immunity.

For *N. parisii* killing assays, the parasite is extracted from the infected worms by vortexing the worms in microcentrifuge tubes containing silicon carbide beads. After filtration using filter paper, the extracts are added to OP50-seeded NGM plates. Similar to other pathogen resistance assays, L4 larvae or young adults are used for the survival assays at appropriate intervals (e.g., 6 to 12 h) ([@b77-molce-40-2-90]).

STATISTICAL ANALYSIS OF SURVIVAL ASSAY DATA
===========================================

Upon completion of survival assays, data should be analyzed with proper statistical methods. Two widely used curves for survival analysis are simple survival curves and mortality rate curves. The most commonly used survival curves are Kaplan-Meier survival plots, which illustrate the percent of live animals against time ([@b33-molce-40-2-90]). Using these plots, the effects of specific experimental treatments on survival are analyzed by obtaining mean, median, and/or maximum survival times. Several statistical methods are employed for analyzing survival curves, such as the log-rank test and Fisher's exact test ([@b16-molce-40-2-90]; [@b49-molce-40-2-90]). The log-rank test is used for comparing the survival distributions under two conditions and yields average survival times and *P-*values. Fisher's exact test is performed to obtain survival rates at specific time points.

Mortality rate curves are drawn by calculating mortality rates, which are obtained by dividing changes in death incidence by time, and are used for deducing causes of deaths: accumulation of irreversible damage *vs.* short-term vulnerability. Several bioinformatic tools used for drawing these curves and for statistical analysis have been developed; these include open-source programs, such as online application for survival analysis (OASIS) ([@b86-molce-40-2-90]), OASIS 2 ([@b25-molce-40-2-90]), and SurvCurv ([@b87-molce-40-2-90]), as well as various commercially available programs.

CONCLUSION
==========

In this review, we described survival assays using populations of *C. elegans* and aimed to provide information regarding the basic principles and key references for specific types of survival assays. The molecular and cellular basis for the regulatory mechanisms of *C. elegans* physiology can be determined by performing these assays. For example, lifespan and abiotic stress resistance assays have been critical for identifying key aging- and stress-associated regulatory factors and pathways, such as DAF-16/FOXO and HSF-1 transcription factors acting in the IIS pathway ([@b3-molce-40-2-90]). Likewise, pathogen resistance assays have enabled understanding of pathogenecity and immunity through the identification of critical virulence factors and immune--regulatory factors ([@b14-molce-40-2-90]; [@b37-molce-40-2-90]). In addition, studies indicate that survival assays using isogenic populations of *C. elegans* can yield clues regarding stochastic and epigenetic effects on specific physiological processes ([@b23-molce-40-2-90]; [@b26-molce-40-2-90]; [@b60-molce-40-2-90]; [@b73-molce-40-2-90]). As shown by numerous important discoveries made in the last 40 years, survival assays using *C. elegans* will continue leading the way to unraveling novel regulatory mechanisms crucial for animal physiology.
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![Lifespan assays\
Lifespan assays are either performed with solid or liquid media. Solid culture systems using agar-based media are a major method for lifespan assays. Liquid culture systems using S-media are widely used for testing the effects of chemicals on lifespan. Synchronized worms at a specific developmental stage are transferred for manual or automatic counting, and results are then analyzed using various statistical tools.](molce-40-2-90f1){#f1-molce-40-2-90}

![Abiotic stress resistance assays\
*C. elegans* survival assays that measure resistance against various abiotic stresses, such as oxidative stress, heat, cold, osmotic stress, hypoxia, hyperoxia, ultraviolet radiation, endoplasmic reticulum stress, and heavy metal stress, contribute to the investigation of *C. elegans* responses to internal or external stresses. Shown are various stress-inducing agents with typical assay conditions.](molce-40-2-90f2){#f2-molce-40-2-90}

![*C. elegans* pathogen resistance assays\
Shown are representative pathogenic bacteria, fungi, and parasites used for *C. elegans* pathogen resistance assays. Specific assays using *P. aeruginosa* (PA14), the most popular model pathogen for *C. elegans*, are depicted briefly; slow-killing assays that use small-lawn or big-lawn assays and fast-killing assays are shown.](molce-40-2-90f3){#f3-molce-40-2-90}
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